A study of the in vitro nanoparticle-templated assembly of a mutant of cowpea chlorotic mottle virus lacking most of the N-terminal domain (residues 4-37), NΔ34, is presented. Mutant empty proteins assemble into empty capsids with a much broader distribution of sizes than the wild-type virus. This increased flexibility in the assembly outcomes is known to be detrimental for the assembly process in the presence of molecular polyanions. However, when rigid polyanionic cores are used, such as nanoparticles, the assembly process is restored and virus-like particles form. Moreover, the breadth of the nanoparticle-templated capsid size distribution becomes comparable with the wild-type virus size distribution.
Introduction
Viruses constitute the largest reservoir of genetic material on the planet. 1 In its simplest form, a virus is a nanoscopic container made of a protein shell, the capsid, encapsulating one or several molecules of nucleic acid. 2 Despite their apparent simplicity on a biological scale, viruses are uniquely apt at delivering their own genome to the cells of virtually any living host. As a consequence, virus-based platforms were the first to be tested for gene therapy and they still account for the main body of gene delivery vectors. 3 Other platforms for nucleic acid or non-nucleic acid delivery have also been pursued, such as nanoparticles, 4 liposomes, 5 and polymeric vesicles with amphiphilic walls. 5 Even though these alternatives potentially avoid some of the immunogenic responses associated with viruses, the appeal for virus-based delivery remains strong because of the following two characteristics, which have not yet been fully exploited:
1. In contrast with nonviral platforms for targeting and delivery, viral materials are amenable to genetic engineering. Thus, the architecture, stability, and surface chemistry of the capsid proteins can be, in principle, application-optimized through recombinant DNA technology. A mechanistic understanding of the interactions between the vector and its environment, difficult to achieve in other cases, is simplified for viruses, which have benefited from studies with defined genetic modifications in conjunction with high-resolution structural determinations.
2.
For a broad class of viruses, the number of capsid subunits is controlled during selfassembly by the properties of each individual protein subunit. In other words, the selfassembly process has mechanisms of quality check and self-termination. As a consequence, many viruses represent biological nanoparticles of well-defined size. Moreover, by virtue of their symmetry and identical composition, capsids have surface properties that are well-defined down to the atomic level as revealed by structural studies. In contrast, most nanoparticles made in the laboratory exhibit intrinsic size and surface heterogeneities with an exception being atomic clusters stabilized by electronic closed-shell effects.
An interesting question that has important implications for the use of viral nanoparticles is: what determines the size of a capsid? For rod-shaped viruses, the particles may depend on the length of the genome, suggesting that the interaction with the nucleic acid is an important parameter. 5 In many single-stranded RNA icosahedral viruses the size of the genome and the net charge on the internal surface of the there capsid are correlated. 6 There is some degree of flexibility in the formation of virus-like particles (VLPs) however, since particles of an RNA virus with 120 capsid subunits instead of the usual 180-subunit capsids have been observed in cells 7 and can be recapitulated in self-assembly reactions in vitro. 8 These studies indicate that the mechanisms of virus architecture control during assembly may be encoded in the molecular building blocks used, including the packaged cargo. [9] [10] [11] Learning how to change the constraints leading to a particular assembly product is important because it would allow an increase in the building versatility using a given molecular building block. For many icosahedral viruses, a determinant for virion structure is the N-terminus of the capsid subunit, a sequence that is rich in basic amino acids, interacts directly with the genomic RNA and has an important role in determining the amount of genome packaged in a virion. 9 The N-terminal sequence has been shown to hold a key role in redirecting the cage-constrained nanoparticle synthesis from nucleation of polyoxometalates with the wt sequence 10 to Fe oxides with a mutant. 11 We hypothesize that the manipulation of the same sequence could result in altered cargocarrying capacity in self-assembled particles. In this paper, we present a study of the in vitro assembly of a mutant of cowpea chlorotic mottle virus (CCMV) lacking most of the N-terminal domain (residues 4-37), NΔ34.
CCMV was the first icosahedral virus to be assembled in vitro from separated proteins and nucleic acid. 12 Wild-type CCMV has a ∼28 nm diameter capsid exhibiting T = 3 quasisymmetry and containing 180 protein subunits. Each ca. 20 kDa subunit contains 189 amino acids. The subunit has C-and N-terminal arms extending away from a β-barrel core. The Cterminal tail is involved in strong intersubunit interaction at the origin of protein dimer formation in solution.
Insight into the nature of protein-protein and protein-RNA interactions is provided by the effects of changes in pH, ionic strength, and temperature on the virus dissociation and assembly. In vitro assembly from purified coat proteins in the presence of viral RNA (vRNA) occurs at neutral pH and high ionic strength. 13 Empty capsids do not occur in vivo but have been observed to form at low ionic strength and at pH below 5.5 in vitro. 14 These empty capsids are a good starting point to investigate the protein-protein interactions involved in CCMV formation. The dimer interface forms a flexible hinge, which is believed to control the radius of curvature upon the addition of subunits during capsid growth. 15 The N-terminal arm extends into the interior of the virus capsid and interacts with the nucleic material by forming β-hexamer structures at the 3-fold axes of the virion to stabilize it. 15 Tang et al. found that the truncated NΔ34 assembles into a variety of capsid configurations including, but not predominantly, the T = 3 native structure. 16 Thus, the deleted region of the N-terminal domain contributes to the formation of a T = 3 virion. The polymorphism observed for empty capsids of NΔ34 is believed to be the result of a change in the interaction between two dimers, which in turn accounts for increased flexibility in the dihedral angle.
In this work, we examined how the NΔ34 capsid affected the formation of self-assembled VLPs on solid gold nanoparticle (GNP) cores, capped with carboxylate-terminated thiolalkylated tetra(ethylene glycol) (TEG) ligands. These ligands have been shown to induce capsid growth with high efficiency of particle encapsulation for the capsids of the closely related Brome mosaic virus. 14 Note that other nonenveloped or enveloped icosahedral virus proteins may require at least part of the nucleic acid to be present to assemble into capsids. 17, 18 The influence of a foreign core on the result of the assembly of icosahedral capsids has been investigated for polyanions, 19 liquid droplets, 20 and solid nanoparticles. 8 To our knowledge, this is the first report that focuses on what happens to assembly and incorporation efficiency when changes are made in the capsid protein, rather than in the core properties. It was found that, while the NΔ34 capsid subunits do not assemble into capsids in the presence of RNA, they do organize into quasi-spherical capsids if an anionic nanoparticle is used to nucleate VLP formation. Moreover, the size distribution of nanoparticle-templated VLPs is narrower than the size distribution of mutant empty capsids and its median value depends on the diameter of the core particle.
Experimental Section
Twelve nanometers of GNPs was synthesized and stabilized with carboxylate-terminated thiolalkylated tetra(ethylene glycol) (TEG) according to previously published protocol. 21 CCMV and NΔ34 VLP assembly was carried out using a slightly modified published protocol. 13 Briefly, intact CCMV is dialyzed against disassembly buffer A (0.05 M Tris-HCl, pH 7. Reassembled particles were not purified by sucrose gradient centrifugation in order to compare the results of assembly. Lastly, the particles were dialyzed against virus buffer (0.1 M NaOAc, pH 4.6, 0.008 M Mg(OAc) 2 ) overnight at 4 °C and stored at 4 °C. The two-step process of first lowering the ionic strength and subsequently the pH has been chosen because it yielded maximum efficiency of incorporation in a series of trials that have tested different buffer exchange pathways across the virus phase diagram. At the first step, there is protein association with the anionic core as seen by transmission electron microscopy (TEM) and dynamic light scattering (DLS), while at the second, there is an apparent redistribution of protein on the surface of nanoparticles (the protein layer becomes more compact as determined by negativestain TEM).
All dialyses were carried out using Spectra/Por 12-14000 MWCO cellulose membranes (Spectrum Laboratories, Inc.). All reassembled particles are characterized by DLS (Zetasizer Nano, Malvern Instruments) and TEM (80 kV, JEM 1010, JEOL, Inc.). Samples for TEM were stained with 5% uranyl acetate (Mallinckrodt) on Carbon type-B grids (Ted Pella, Inc.).
Three-dimensional reconstruction of NΔ34 VLP was performed with reassembled VLPs that were further purified by centrifugation at 75000g for 1 h over a 10% sucrose gradient. A solution containing an empirically determined particle concentration suitable for electron microscopy was adsorbed to a glow-discharged carbon-coated copper grid, negatively stained with 1% uranyl acetate for 20 s, and visualized at 39000× with a JEOL 1200EX electron microscope at 100 kV. Electron micrographs were digitalized using an Epson (Long Beach, CA) Projection 3200 scanner set at 1200 dpi, corresponding to 5.5 Å/pixel. The EMAN software package was used for single-particle image analysis and three-dimensional (3D) reconstruction. 22 The particles were selected from the digitized electron micrographs using EMAN's boxer routine. The images were then filtered to remove high-and low-frequency noise, translationally and rotationally aligned, classified, and averaged without applying symmetry.
An initial model was produced from the centered particles with EMAN's starticos program and subjected to eight cycles of refinement by projection matching. The final 3D reconstruction was scaled to 5.5 Å/pixel with EMAN's proc3d and visualized with the Chimera software. 23
Results
The capsid protein from both wild-type CCMV and NΔ34 were used to form VLPs in the absence and presence of TEG-containing cores. Core diameters close to 12 nm have been found to efficiently promote the growth of BMV VLPs that have capsid structures similar to the native T = 3 capsids. 8 Figure 1A presents a typical negative-stain transmission electron micrograph of TEG-coated GNPs with a diameter of 11.6 ± 0.9 nm. Results of DLS analysis show that both empty capsids and VLPs have diameters of approximately 30 nm ( Figure 1B ) demonstrating that the NΔ34 capsid does form both empty capsids and VLPs. However, the actual spread of size distributions is difficult to assess solely from DLS data since the instrumental response is broader or comparable to the particle size spread.
To visualize the VLPs formed with NΔ34 and wild-type capsid proteins, TEM images of the unpurified assembly reactions were obtained (Figure 2A-C) . The empty capsids assembled from the NΔ34 capsid confirm the previously reported formation of a variety of capsid sizes (Figure 2A ). In the NΔ34 containing the GNP, however, we observed a homogeneous population of VLP particles formed without further purification ( Figure 2B ). Encapsulation was also less complete in the unpurified assembly reaction with NΔ34 when compared to the wild-type CCMV ( Figure 2C ). Additionally, upon purification of the assembly reaction over a 10% sucrose density gradient, the NΔ34 VLPs can be enriched and show a fairly homogeneous preparation ( Figure 2D ).
A quantitative comparison of the size distributions of assembly products for empty capsids and capsids encapsulating the 11.7 nm gold cores of NΔ34 is provided in Figure 3A . Similar experimental size distribution probabilities for wild-type CCMV empty capsids and capsids with 11.6 nm cores are given in Figure 3B . To confirm the effects of the cores further, assembly of the VLPs were performed with GNPs of size 6 nm and the unpurified VLPs formed were measured and plotted in Figure 3C in direct comparison with VLPs having 11.7 nm cores. While these results demonstrate that the anionic nanogold particles can impose homogeneity in the results of capsid assembly even to a defective capsid subunit, we addressed whether any of the VLPs recapitulate the normal virion structure. Over 3800 particles of the VLPs with the 11.6 nm cores were individually picked and subjected to image reconstruction. The class averages are shown in Figure 4A and they show a good representation of the available views ( Figure 4B ). The model for the final reconstruction is shown in Figure 4C and shows a pseudo T = 2 particle, consistent with the ∼20 nm diameter particles formed. A comparison with the wild-type CCMV model (T = 3) generated by Wikoff et al. 24 can be readily observed by the arrangement of the capsomeres, ( Figure 4D ). On the basis of the size distribution in Figure 3 , NΔ34 may also form T = 1 and T = 3, but at this point, we do not have reconstruction data supporting this hypothesis. Moreover, the prevalence of the pseudo-T = 2 structure may be a protein concentration effect. Further studies are underway to test this hypothesis.
Discussion
The importance of the N-terminal of the capsid protein for icosahedral plant virion assembly has been well established. 2, 15, 25 Residues 1-27 of the CCMV capsid are disordered in the crystal structure but account for the bulk positive charge carried by the floppy segment of the N-terminal. Deletion of the entire N-terminal arm prevents the formation of both empty capsids and virions. 22, 23 Mutant NΔ34 has residues 4-37 deleted and does not form the β-hexamer structure required to stabilize the wild-type virion or encapsidate RNA in vitro. The latter fact is not surprising, since in a capsid with 180 subunits, the NΔ34 will cause a cumulative decrease of ∼1500 elementary charges. However, we showed with two different anionic nanoparticle sizes that the defect in ordered assembly by the NΔ34 capsid could be restored. This is not a purely electrostatic effect: while the nanoparticle surface contains at saturation a few hundred elementary charges, the native RNA carries more than a thousand. While these results show that core-capsid shell interactions drive at least the initial stages of assembly, there might be mutual adjustment of portions of the capsid and the genomic RNA that are not solely based on charge.
We postulate that the radius of curvature of the mutant capsid seems to be determined by the internal scaffold as demonstrated in Figure 3 and Table 1 . This supports the idea of structural support role and geometrical constraints restored by the hard surface core. In the case of the wild-type virus, this structural support could come from the spherical polyelectrolyte layer formed through the association between the N-terminal and RNA. Atomic force microscopy studies have found that RNA-filled capsids of CCMV are 30% stiffer to nanoindentation than empty capsids at acidic pH. 26 The reason for this might be different from the case of viruses such as the bacteriophage lambda, for which the resistance to nanoindentation could be entirely explained by an osmotic pressure effect. 27 However, the CCMV capsid is permeable 28 and dynamic with respect to the compact, resilient capsid of the lambda phage that actively packs its genome at pressures of ∼20 atm. 27 Another feature that differentiates NΔ34 from the wild-type CCMV is the greater presence of empty capsids under conditions of VLP assembly in vitro ( Figure 2B ). At stoichiometric gold to protein assembly ratios, no free TEG-capped nanoparticles were observed for the wild-type correlating to 100% incorporation efficiency whereas NΔ34 only assembles 72% of the total gold nanoparticles into VLPs. Also in wild-type VLP assembly, hardly any empty capsids are observed (<0.5% per 100 total assembled products) in contrast to mutant VLP assemblies in which 30% of all assembly products are empty capsids at stoichiometric ratios. Therefore, in the absence of the N-terminal and under the conditions for virus assembly (not empty capsid assembly), mutant capsid protein interactions allow for the formation of empty shells whereas the wild-type proteins simply aggregate. Interestingly, even with ∼80% of the basic residues removed, the truncated N-terminal arm is able to bias the assembly toward the formation of intact viruses or VLPs under in vitro assembly conditions and away from empty capsid formation. These observations suggest that there is a smaller free energy difference between VLPs and empty capsids in the case of the mutant. This difference could come from changes in both the protein-nanoparticle interactions or protein-protein interactions. Removing charges should result in a weaker electrostatic interaction with core surfaces, thus reducing the driving force for the capsid protein to assemble on the nanoparticle surface. At the same time, however, deleting 80% of the positive charges on the N-terminal arm would reduce intersubunit electrostatic repulsions and thus increase the driving force for empty shell formation. What weight may carry each of these mechanisms remains to be determined by further experiments on the influence of pH and ionic strength on mutant VLP and empty capsid assembly.
The observed reduced encapsidation efficiency of NΔ34 is consistent with the model proposed by Willits et al. to explain the increased symptom expression by mutant-infected hosts resulting from β-hexamer deletions. 25 According to these authors, mutations may reduce the rate of assembly and subsequently increase the cellular concentrations of unassembled viral components (empty capsids are not stable in vivo), which in turn would elicit an increased host response to infection.
Conclusion
A CCMV mutant capsid protein lacking most of the basic N-terminal residues has been shown to unexpectedly self-assemble around solid nongenomic cores, resulting in structure sizes that can be tuned by varying the core size. In the context of size-dependent properties, a recent study in nanoparticle-assisted transfection indicated a strong dependence of membrane translocation efficiency on size. 29 In light of this result, one could hypothesize that virus shapes and sizes have also evolved for optimal specific interactions with the host, and an ability to control this size as indicated in this work would be advantageous for virus applications in biomedicine. These results also have relevance in the engineering of VLPs as delivery vectors. The fact that a capsid with a significant N-terminal deletion can retain the ability to form homogeneous VLPs should allow the deleted sequence to be replaced with some molecule that has desired biotechnological applications. These manipulations should enable tuning of the size of VLP by manipulating capsid sequence and possibly directing evolution of the capsid to desired cargos. For instance, insight into the design of virus-based drug delivery systems 30 and hierarchical materials 8, 26, 27 could be gained from having a single molecular building block (capsid protein) from which a variety of capsule sizes could be built. Lastly, we note that viral RNA, despite carrying more charge than the nanoparticle, cannot rescue viral encapsulation with the NΔ34 capsid protein. It is interesting to observe that the association between RNA and the internal N-terminal may result in a quasi-rigid polyelectrolyte scaffold that induces the particle formation of a given size. The rigid nanoparticle core can similarly guide the efficient interlocking of the structural parts of wild-type capsid protein subunits.
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